As the important executive body of flight control system, the servo aims to drive the control surface deflection according to the position command. This paper makes a hardware design for a digital electric-mechanical servo controller for valve adjustment. Three-phase brushless DC motor(BLDCM) acts as the core executive body. The system selects DSP + CPLD as the main control unit and the high-precision Linear Variable Differential Transformer (LVDT) as the position sensor. We achieve the digital control through the realization of three closed-loop control strategy including current loop, speed loop and position loop. Experimental results show that the system has high dynamic response speed and great precision static performance.
Introduction
The actuator is a high precision and response position servo system，which manipulates control surface deflection to change the flight attitude or trajectory of missiles according to the received position command from the flight control system [1] [2] [3] . The common servos can be divided into pneumatic servos, hydraulic servos and electric servos by the power source. Compared to pneumatic and hydraulic servos, electric servos have such advantages of optimized onboard energy management, easy maintenance and strong battlefield survival, thusto be more widelyused inthe flight controlsystem. [4] [5] Electric servos can be divided analog servos and digital servos according to the difference of control mode. Compared withtraditional analogservos, the digital servo control system with the core of high-speed microcontroller had a highdegree of standardization of hardwarecircuit and low productioncost, and greatlyenhancedtheperformanceand reliability ofthe servocontroller [6] .
System architecture design
The servo system is mainly composedof four partsincluding three-phasebrushless DC motor (BLDCM),drive controller, sensors and mechanical structures. The drive controlleristhe most criticalpart in the system design. The overall system block diagram is shown in Fig.1 .
As shown, the system accepts master a given angular position command, which acts as the input of position closed-loop controller through the second-order low-pass filter to filter out high frequency noise, at the same time becomes as the input of speed closed-loop controller after processed by the feedforward controller. Feedforward controlisdifferentiatingposition command to improve thesystem dynamicresponse effectively.
The actual angle of the rocker is measured by a position sensor and filtered out high frequency noiseby a first-orderinertialfilter. The filtered actual position and the filtered position command act as the inputs of the position closed-loop. The output of the position loop serves as given quantity of the speed, the actual speed and the output of the feedforward controller act as the input of the speed closed-loop controller together. The speed closed-loop exports the given value of the motor current. The command current combines the actual current which is measured by the current sensor to constitute the currentloop controller. The current loop would export pulse width modulation (PWM) wave, which associates with the Hall signal to gain the conduction state of power MOSFETs through the decoding logic to control the motor rotation. The output shaft of the motor connects to the precision reducer and conducts mechanicaltransformation to drive the servo armswing. 
Three-phase full-bridge and drive unit
The system selectsL6235 which is highly integratedthree-phasebrushless DC motordriver chipas the coreof the drive unit. The device includes all the circuitry needed to drive a three-phase BLDC motor including: a three-phase DMOS bridge, a constant off time PWM current controller and decoding logic for single ended hall sensors that generates the required sequence for the power stage. Besides, it features a non-dissipative overcurrent protection on the high side power MOSFETs and thermal shutdown. The structure of the full-bridge and drive unit is shown Fig.3 . Fig.3 Full-bridge and drive unit block diagram The motor current controller is built for current closed-loop control in the chip. As shown in figure 3 , it has a low bias fast comparator, whose inputs are connected to VREF and SENSE pins. The current control circuit senses the bridge current by sensing the voltage drop across an extern sense resistor connected between the source of the three lower power MOS transistors and ground. As the current in the motor increases the voltage across the sense resistor increases proportionally. The VREF is provided by the output of the speed closed-loop for the purpose of the given of the current closed-loop control. When the voltage drop across the sense resistor becomes greater than the voltage at the reference input pin VREF, the sense comparator triggers the monostable switching the bridge off. When the monostable times out, the bridge will again turn on. The appropriate choice of the external RC network that connected to the RCOFF pin can determines the off-time. The voltage drop across the motor current waveform IOUT and the voltage drop across the current sensing resistor VSENSE are shown in Fig.4 . 
The signal acquisition and conditioning module
The actuator is a position servo system to track the command of the arm angle. So the premise must be guaranteed to gain the accurate actual position. The output shaft of the motor connects to the ball screw after decelerating in order to transform the high-speed rotation of the motor into thrust linear output. At last the ball screw will push the arm swing of the actuator to gain the high torque. The linear variable differential transformer (LVDT) is connected with the ball screw to measure the screw displacement which is converted to the angle of the actuator arm by quantitative relationship.
The internal of the LVDT adopts non-contact measurement to improve the work life while ensuring the accuracy. When the sensor is coupled with the power supply of 12V, the regulated DC voltage output will vary from 0.5V to 4.5V according to the displacement. The result will be converted to the range of 0～3V for the A/D module of the DSP by the signal conditioning circuitry. Due to the limited range of the screw displacement, the protected function of the positon need to be designed in order to ensure the safe and stable operation. The output conditioning circuit of the position is shown in Fig.6 . Fig.5 The conditioning circuit of the position The conditioning signals Pos1 and Pos2 will be sent to the CPLD for the logic operations. And the system controls normal or break of the motor to achieve the position protection by the driven module according to the results of the above. The logic truth table of the position protection is shown in Table 1 .
The position protection module allows the servo arm to rotate properly in the protected areas. The DIR is the given signal of the rotation direction. When the rocker is outside protected areas and the system receives the command rotation direction to the protected areas, the motor rotates normally. Otherwise, when the system receives the opposite direction, all of the MOSFETs of the driven chip will be off and the motor break immediately. Table 1 The logic truth of the position protection
The software design and implementation
The system software design is mainly done in the DSP, including timer design, Hall pulse capture module, PWM generator module, A/D sampling module, serial communication module, the closed-loop control law design and the design for other data solver.
The timer module generates a timer interrupt whose period is 50us to gain various time bases. When the software runs, the system will call the appropriate modules just like the acquisition, the communication and the control unit and so on according to the various time bases. The PWM module generates a PWM wave whose amplitude is 3.3V, period is 20us and duty is adjustable. The execution period of the closed-loop control law is 50us and the output of the law is used to change the duty of the PWM. The capture module calculates to get the actual speed by capturing the width of the Hall pulse. 50us timing cycle will be set to gain the A/D conversion result for the closed-loop control. The serial communication is achieved by the serial interrupt. The module receives real-time data frames transmitted by the master device to get the control instructions, while the measured data will be packaged into frame data for sending to the master device every 10ms.
Conclusions
This paper presents a hardware design of digital servo system based on the control structure of DSP + CPLD. The integrated driver chip is adopted to make the realization of the system to be more simple and reliable. The system employs three closed loop control strategy including current loop, speed loop and position loop to achieve the fast and accurate response for the position command. Experiments show that the steady-state error is tininess and dynamic response is fast. The output rated load torque of the actuator is 100Nm, so as to be suitable for the rudder servo control in the flight control of high-precision, large-load and high-speed.
